Objectives. Some aspects of the natural history of metachronous colorectal cancer (MCRC), such as the rate of progression from adenomatous polyp to MCRC, are unknown. The objective of this study is to estimate a set of parameters revealing some of these unknown characteristics of MCRC. Methods. The authors developed a computer simulation model that mimics the progression of MCRC for a 5-year period following the treatment of primary colorectal cancer (CRC). They obtained the inputs of the simulation model using longitudinal data for 284 CRC patients from the Mayo Clinic, Rochester. Results. Fiveyear MCRC incidence and all-cause mortality were 7.4% and 12.7% in the patient cohort, respectively. Statistical analysis showed that 5-year MCRC incidence was associated with gender (P = 0.05), whereas both all-cause and CRC-related mortalities were associated with age (P < 0.001 and P = 0.01). Estimated annual probabilities of progression from adenomatous polyp to MCRC and from MCRC to metastatic MCRC were 0.14 and 0.28, respectively. Annual probabilities of mortality after MCRC and metastatic MCRC treatments were estimated to be 0.06 and 0.26, respectively. The estimated annual probability of mortality due to undetected MCRC was 0.16. Conclusions. The results imply that MCRC, especially in women, may be more common than suggested by previous studies. In addition, statistics derived from the clinical data and results of the simulation model indicate that gender and age affect the progression of MCRC.
C olorectal cancer (CRC) is one of the most common and deadly cancers. It is estimated that there were 146,000 new CRC cases and 49,000 CRC-related deaths in the United States in 2009. 1 Most CRC cases originate from adenomatous polyps in the colon and rectum. [2] [3] [4] There is general consensus that adenomatous polyps grow over time and eventually progress to cancer. This pattern-polyp-to-cancer progression-allows for the use of colonoscopy for CRC prevention through the early detection and removal of adenomatous polyps before they become malignant.
Treatment modalities for CRC include curative surgery, systemic chemotherapy, and radiation therapy for rectal cancer. In many cases, these treatments, either alone or in combination, lead to increases in long-term survival. The overall 5-year survival for CRC in all-comers is 65.4%. 5 However, some patients suffer from recurrence of their disease. 6, 7 In addition, patients who are successfully treated for CRC may suffer a metachronous CRC (MCRC) rather than metastatic disease. 8, 9 Several guidelines have suggested colonoscopy surveillance after CRC treatment for prevention and early detection of recurrent CRC and MCRC. 2, 10, 11 For example, the American Gastroenterological Association (AGA) suggests that colonoscopy surveillance should start within the first year after CRC treatment. 2 If the first colonoscopy does not find a new neoplastic lesion (adenomatous polyp or MCRC), the next colonoscopy is recommended after 3 years. If the second colonoscopy is also negative for mucosal abnormalities, the interval is increased to 5 years.
Although CRC prevention and treatment procedures appear to be straightforward, there are many subtle issues discussed in the literature, including the true benefit of surveillance in CRC patients 12 and the impact of newer screening modalities, such as computed tomography (CT) colonography, on CRC prevention and treatment. 13 In particular, clinicians need more guidance on choosing an appropriate preventive screening schedule for their patients. 14 Most existing studies on MCRC have focused on determining incidence and mortality as well as identifying risk factors for MCRC. 8, 9, 15 Several others have assessed the effectiveness of surveillance to prevent MCRC. 16, 17 However, there is limited research on estimating certain characteristics of the natural history of MCRC, such as how fast an adenomatous polyp progresses to MCRC in a patient with a known history of a malignancy, how fast MCRC progresses to metastatic MCRC (M-MCRC), and the probability of mortality due to MCRC-related causes. The uncertainty regarding these characteristics of MCRC progression impedes designing a better surveillance program to minimize MCRC risk in contrast to CRC prevention and early detection where such policy questions are well studied. [18] [19] [20] [21] [22] [23] [24] [25] The parameters that can reveal these unknown characteristics, such as polyp-to-MCRC progression probability, cannot be estimated from a database using conventional statistical tools due to the lack of appropriate data because of censoring (e.g., the detected adenomas are immediately removed, and no data can be collected on the growth rate of adenomas). Therefore, the use of a computational method, such as computer simulation, is necessary.
The purpose of this study is to estimate some unknown parameters of the natural history of MCRC, including the annual probability of polyp-to-MCRC and MCRC-to-M-MCRC progression and mortality due to MCRC-related causes. We estimated these parameters using a patient-level computer simulation model that mimics the progression of MCRC using a data set from the Mayo Clinic, Rochester (MCR) patient records. We also present some insightful statistics derived from our clinical data set such as 5-year MCRC incidence and mortality.
Analyzing the cost-effectiveness of colorectal cancer surveillance after CRC treatment to maximize the well-being of the patient is now more significant because of the advances in cancer treatments that have increased long-term cancer survival. 26 In this context, cost-effectiveness studies can directly benefit from the results provided in this article. Our study is also a novel application of inverse estimation, a method that obtains the physical parameters that characterize a certain model from observed outcomes data. There are similar inverse problem studies that estimate the progression parameters of other cancer types 27 and the value of life for certain treatments such as dialysis. 28 
METHODS

Patient Cohort
After obtaining institutional review board approval, we used a locally maintained tumor registry to identify patients who had been treated at the MCR for CRC during 1992 to 2006. We combined this information with an administrative billing database. We limited our analysis to only patients who resided within or immediately surrounding Olmsted County, Minnesota, where the MCR is located to ensure that we captured the majority of the specialty care received by our patient cohort. These local patients were identified using the county codes in their administrative billing data. We assumed that these patients, the vast majority of whom were first diagnosed and subsequently treated at the MCR, would receive their remaining cancer-related treatment at the MCR. Then, we matched these data to the Surgical Case Index (an MCR clinical database) to identify clinical information on the nature of lesions and polyps discovered during colonoscopies and curative surgeries. The surgical database was in free text format, so it required manual abstraction. Resource constraints only permitted us to abstract charts for 366 randomly chosen patients out of approximately 600 local patients who we identified. We excluded patients with known genetic-based CRC syndromes, familial adenomatous polyposis (FAP), and hereditary nonpolyposis colorectal cancer (HNPCC). There were no consensus guidelines for the surveillance of patients younger than 50 and older than 79 years at the time of the primary CRC treatment. Therefore, we limited our analysis to a final patient cohort of 284 patients who were between ages 50 and 79 at the time of their CRC treatment.
Input Parameters
The patients in our cohort were screened according to the AGA guidelines after their initial cancer treatment. We retrieved and abstracted the surgical charts and electronic records of these 284 patients to obtain various clinical information, including colonoscopy, surgical, and pathology reports as well as death certificates. We used this information to construct a longitudinal data set that included colonoscopy history, adenomatous polyp incidence (rate of patients with detected polyps), MCRC incidence (rate of patients with detected MCRC), and mortality for a 5-year period after the CRC treatment.
Adenomatous polyp occurrences were obtained from colonoscopy histories and pathology reports that provided details about the detected and removed polyps. We used these data to estimate the annual adenomatous polyp onset probability (an input in our simulation model) separately for each year after the initial treatment while accounting for the sensitivity of colonoscopy. We set the base values of the sensitivity of colonoscopy for detecting polyp and CRC as 85% and 90%, respectively. 21, 22 A patient may develop 1, 2, or 3 or more polyps with probabilities of 0.78, 0.13, and 0.09, respectively. We calculated this discrete probability distribution based on the number of detected polyps for each polyp occurrence. The case of developing 3 or more polyps is modeled as developing only 3 polyps for simplification. Although the patients in our cohort were frequently screened based on the AGA guidelines, some of the undetected adenomatous polyps may yet turn to MCRC. Such cases were identified from surgical reports to derive MCRC incidence, whereas mortality was calculated from death certificates. Known recurrent CRC cases and cancers that developed within the first 6 months after initial CRC treatment were excluded from the analysis to accurately distinguish MCRC from the recurrence of primary CRC. MCRC incidence and all-cause mortality rates from our clinical data were used as benchmark statistics to estimate the unknown parameters of the natural history of MCRC.
Calibration Procedure
We estimated the following unknown parameters of MCRC progression by calibrating our computer simulation model: 1) the annual polyp-to-MCRC progression probability, which represents the probability that an adenomatous polyp, which is either missed by colonoscopy surveillance or developed between 2 colonoscopy sessions, will progress to an MCRC lesion within 1 year; 2) MCRC-to-M-MCRC progression probability, which denotes the probability that an MCRC lesion will progress to an M-MCRC lesion within 1 year; 3) annual probability of mortality after MCRC treatment; 4) annual probability of mortality after M-MCRC treatment; 5) annual probability of mortality due to undetected MCRC (i.e., annual probability of death from a side effect of undetected CRC, including bowel obstruction); and 6) annual probability of mortality due to other reasons (P other ), which denotes annual probability of death because of a reason that cannot be associated with MCRC. Note that P other defines lifetime without MCRC and depends on the gender and age group of the patients. For example, the probability that the lifetime of a patient without MCRC is longer than 5 years is equal to (1 -P other ) 5 .
Because clinical data do not provide necessary information about the progression of neoplastic lesions, these unknown parameters cannot be directly estimated from clinical data using conventional statistical methods such as regression. For example, the estimation of the annual polyp-to-MCRC progression probability requires information regarding when each patient developed an adenomatous polyp and when that polyp became MCRC, which is not available in clinical databases since detected polyps are immediately removed.
We therefore developed a computer simulation model in which these unknown parameters were key inputs. We then ran our model using every plausible combination of these unknown parameters and selected the combination that generated the output from the model that matched (with minimum mean square error) benchmark statistics (directly obtained from clinical data), including 5-year MCRC incidence and mortality rate. We calculated the mean square error (MSE) using the following formula, where MI O , MR O and MI SM , MR SM refer to the 5-year MCRC incidence (MI) and mortality rate (MR) observed from the clinical data and derived from the simulation model, respectively. This process is referred to as calibration. 19 We made the following assumptions to reduce the complexity of the calibration process: 1) we assumed that the unknown parameters are time stationary because assuming otherwise increases the number of possible combinations of unknown parameters significantly. 2) We assumed that the annual probability of mortality after MCRC and M-MCRC treatments was proportional. Specifically, the latter probability was k times the annual probability of mortality after MCRC treatment, where k represents the ratio of the 5-year mortality rate of metastatic CRC from the Surveillance, Epidemiology and End Results (SEER) database to that of regional and local CRC combined. We use SEER data to estimate k as 4.2. 3) We assumed that the annual probability of mortality after MCRC treatment was less than the annual probability of mortality due to undetected MCRC.
We specified a biologically plausible range for each unknown parameter given age and gender. We derived most of the initial plausible ranges (for the annual probability of polyp-to-MCRC progression, MCRC-to-M-MCRC progression, and mortality from other reasons) based on CRC progression probabilities from the literature and US life tables. 21, 22, 29 For those parameters for which there was no guidance from the literature, we used plausible ranges that would not contradict the clinical intuition. We then generated samples from this range using discrete step sizes. For example, if the range of unknown parameters is (0, 0.5] and the step size is 0.01, then we would evaluate 50 possible values ({0.01, 0.02, . . . 0.5}) for each parameter using our simulation model. Although we had 6 unknown MCRC progression parameters to be estimated, we only calibrated 5 parameters because polyp-to-MCRC progression probability is k times the annual probability of mortality after MCRC treatment. We therefore would simulate fewer than 50 5 combinations for the example given above as some of the combinations would not be feasible.
Several studies on CRC use a similar calibration process to ours to estimate unobservable CRC progression parameters using national CRC incidence from publicly available databases such as the SEER database as benchmark statistics. 19, 21, 22 Among these studies, the one by Roberts and others 19 is important as it builds a similar but more detailed discrete-time simulation model that mimics the progression of CRC. Another recent study uses a Markov model to represent the progression of MCRC in Korean males for a cost-effectiveness analysis of CRC surveillance 30 ; however, it does not explicitly present the parameters used to model MCRC progression. Figure 1 shows the natural history of MCRC after the primary CRC treatment. We assumed that all patients are cancer and polyp free right after the treatment (see year 0 in Figure 1 ). A patient may develop an adenomatous polyp, stay polyp free, or die from a non-MCRC-related reason in the years following the treatment (see year 1 in Figure 1 ). We assumed that all MCRC cases arise from undetected adenomatous polyps (missed or that developed between 2 colonoscopy sessions). In a given year, if the patient does not die, an adenomatous polyp may grow and progress to MCRC with a particular probability or remain as a polyp (see year 2 in Figure 1 ). After an adenomatous polyp progresses to MCRC, one of the following occurs with a specific probability: 1) MCRC may stay as MCRC; 2) MCRC may progress to M-MCRC, which is detected and treated in the year it occurs; and 3) MCRC may result in death (see year 3 in Figure 1 ). Furthermore, a patient may develop a new adenomatous polyp each year after the MCRC treatment with a specific probability (see year 4 in Figure 1 ). The adenomatous polyp and MCRC progression probabilities depend only on age and gender. Figure 2 describes our discrete-event system simulation model that mimics the progression of MCRC within 5 years following the primary CRC treatment for 6 age-and gender-based patient groups. In particular, the model specifies lesion appearance and progression as well as mortality as random events based on the natural history of MCRC. The model allows the existence of multiple colorectal lesions (adenoma and MCRC) at a given time and lets each lesion progress independently. Our computer simulation model superimposes colonoscopy surveillance, which is scheduled based on the AGA guidelines, onto the natural progression of MCRC. When a patient undergoes a colonoscopy in a given year, the patient's lesions may be detected with a probability that is equal to the sensitivity of colonoscopy for an adenoma. We assumed that the detection and removal of each lesion are independent of other lesions. Patients undergo a treatment whenever colonoscopy surveillance detects an MCRC. Once a patient receives MCRC or M-MCRC treatment and survives the treatment, he or she becomes polyp and cancer free.
Natural History of MCrC
Computer Simulation Model
We constructed our simulation model using the JAVA programming language. We ran the model for 5 years or until the simulated patient died, whichever was sooner. We performed 5000 replications for each combination of unknown parameters and estimated several statistics, including MCRC incidence, MCRC risk, undetected MCRC rate, and all-cause mortality rate within 5 years after initial CRC treatment. We defined MCRC risk and all-cause mortality rate as the proportion of patients who have had MCRC and who died within 5 years after the initial treatment, respectively. In addition, we defined MCRC incidence as the proportion of patients who were diagnosed with MCRC or died from MCRC before diagnosis, and the rate of undetected MCRC was defined as the proportion of patients who had undiagnosed MCRC and stayed alive at the end of the fifth year. 
Other Statistical Methods
We measured the significance of age and gender factors in adenomatous polyp incidence, MCRC incidence, and mortality using Pearson's chi-square test or Fisher's exact test when the former test was not applicable. We used SPSS (SPSS, Inc., an IBM Company, Chicago, IL) and R to compute Pearson's chi-square and Fisher's exact test calculations, respectively. In addition, we calculated the confidence intervals for the MCRC incidence and allcause mortality using the following standard formula where n, M, and S 2 denote the sample size, mean, and variance, respectively (a = 0.05). 31 M n t S n n n ( ) ( ) ,( )
Sensitivity Analysis
We conducted sensitivity analyses to assess the effect of uncertainties in the sensitivity of colonoscopy for detecting cancer lesions and the probability of missing polyps after initial CRC treatment. We set the sensitivity of colonoscopy for CRC lesions to be 90%, the average of the values reported in the literature. 21, 22 However, this sensitivity value could be higher than 90% because most cancer lesions are large and the patients who have a CRC history are likely to be screened more carefully. Hence, we repeated the calibration process by setting the sensitivity of colonoscopy for CRC lesions to 95%.
We also assumed that the patients are polyp free after they receive the initial CRC treatment. However, this assumption may not hold when the patients have CRC and adenomas simultaneously, which may be missed during the treatment and preoperative colonoscopy. It is reported that 36% of the patients who had an adenoma had multiple adenomas. 32 We assumed that this proportion also holds for patients with CRC. Then approximately 5% (36% × (100% -85%)) of the patients may have a missed adenomatous polyp after initial CRC treatment. Therefore, we repeat the calibration procedure for the case where the probability of missing a polyp is 0.05 instead of 0.
rESULTS
Polyp Incidence, MCrC Incidence, and Mortality from Clinical Data
There were a total of 284 patients in our cohort: 105 (37%) women and 179 (63%) men. Of those, 141 received CRC treatment before 2000, and 143 received it in or after 2000. Table 1 shows adenomatous polyp, MCRC, and mortality incidence within the 5 years following the CRC treatment stratified by gender and age. Colonoscopy exams detected 134 adenomatous polyps in 110 patients (39% of all patients). Table 1 implies that neither gender nor age was strongly associated with adenomatous polyp incidence (P = 0.15 and P = 0.32). In addition, age was not strongly associated with adenomatous polyp incidence either among women or men (P = 0.35 and P = 0.36).
Within 5 years after the completion of CRC treatment, 21 (7.4%) of 284 patients had MCRC. MCRC cases appeared in 11% of women and 5% of men in our cohort; thus, MCRC was more common in women than men (P = 0.05). The MCRC incidence was highest in the 60 to 69 age group, but age alone was not significantly associated with MCRC incidence (P = 0.20). Age was not significantly associated with MCRC incidence among either women or men (P = 0.73 and P = 0.22).
Within 5 years following the CRC treatment, 36 patients (12.7% of our cohort) died. Of these 36 patients, 24 (17% of 141 patients) received the CRC treatment before 2000, and 12 (8% of 143 patients) received it in or after 2000. CRC was listed as a cause of death on the death certificate in 18 patients; 3 of these 18 patients were diagnosed with MCRC before they died. Only these 3 patients were assumed to have died from MCRC; the remaining 15 patients were assumed to have died from the complications related to initial CRC and its treatment. The mortality rates in Table 1 imply that gender was not significantly associated with 5-year all-cause and CRC-related mortality (P = 0.32 and 0.24, respectively). Note that both all-cause and CRC-related mortalities were higher in older patients (P < 0.001 and P = 0.01, respectively).
Validation of the Computer Simulation Model
Our calibrated computer simulation model estimated the 5-year MCRC incidence and all-cause mortality as 7.3% and 12.7% for 50-to 79-year-old patients, respectively. The corresponding rates from our clinical data were 7.4% and 12.7%. Table  2 shows benchmark statistics produced by our simulation model; these were very similar to those statistics from the clinical data presented in Table  1 . In addition, Table 3 shows the mean square error values and confidence intervals of MCRC incidence and all-cause mortality that cover the actual rates in Table 1 . We therefore contend that our a computer simulation model provides a helpful guide to evaluate counterfactual claims in the real world.
Our model also estimated the number of patients who developed MCRC within the 5 years after the CRC treatment, including patients with undetected MCRC at the end of the fifth year. An undetected MCRC occurs if the cancer is missed during the last colonoscopy or if it develops after the last colonoscopy within the 5-year period. The estimated 5-year MCRC risk was 7.9%, and thus the undetected MCRC rate was 7.9% -7.3% = 0.6%. This implies that around 7.6% (0.6/7.9 = 7.6%) of the MCRC cases that occurred in our patient cohort within 5 years following the primary CRC treatment could not be detected by the colonoscopy surveillance performed based on the AGA guidelines. Table 2 also shows 5-year MCRC risk and undetected MCRC rate by gender and age. As expected, 5-year MCRC risk was positively correlated with 5-year MCRC incidence, and both statistics followed the same pattern by gender and age. The 5-year undetected MCRC rate was slightly higher in women than in men. Furthermore, the undetected MCRC rate did not change with age in women, whereas the rate was minimum in the 60 to 69 age group in men.
Estimated Unknown Parameters of the Natural History of MCrC
Estimated unknown parameters of the natural history of MCRC are presented in Table 4 by gender and age. The annual polyp-to-MCRC progression probability was 0.14. This probability was higher in women as well as in younger and older age groups.
The MCRC-to-M-MCRC progression probability was 0.28 for our sample. The probability of progression from MCRC to M-MCRC did not vary by gender and age except among men in the 50 to 59 age group. This result is consistent with existing studies, which have not reported any effect of gender or age on this probability for primary CRC. 21 The annual probabilities of mortality after MCRC and M-MCRC treatments were 0.06 and 0.26, respectively. Mortality probabilities after MCRC and M-MCRC treatment were higher in older patients. In general, mortality probabilities after MCRC and M-MCRC treatment were slightly higher in women than in men.
The annual probabilities of mortality due to undetected MCRC and other reasons were 0.16 and 0.021, respectively. Note that mortality due to other reasons occurs when a patient dies due to a reason that cannot be associated specifically with MCRC. Both probabilities of mortality due to undetected MCRC and other causes were higher in older patients. The probability of mortality due to other reasons was slightly higher in women than in men. The probability of mortality due to undetected MCRC was the same for both genders in each age group except 60 to 69, where women were almost twice as likely to die from undetected MCRC as men. It should be noted that all mortality probabilities (last 4 columns of Table 4 ) increase with age. Table 5 illustrates the estimation of unknown parameters of natural history of MCRC with 95% sensitivity for CRC, whereas Table 6 shows the simulated 5-year MCRC incidence, MCRC, and undetected MCRC risks as well as 5-year mortality for this case. The estimated unknown parameters for the base case (Table 4 ) and the case for 95% sensitivity (Table 5 ) are very similar. As expected, 5-year MCRC incidence and mortality rates for both cases are almost identical because in both cases, the calibration process matched these simulation outcomes to the actual MCRC incidence and mortality from the clinical data. However, the case for 95% sensitivity is associated with slightly less MCRC risk and undetected MCRC because as the sensitivity increases, colonoscopy misses fewer adenomas that can progress to MCRC. Table 7 illustrates the new estimation of unknown parameters of the natural history of MCRC when the probability of missing an adenoma is 0.05, whereas Table 8 shows the simulated 5-year MCRC incidence, MCRC and undetected MCRC risks, and 5-year mortality for this case. The estimated unknown parameters for the new case (Table 7) are very similar to those for the base case (Table 4 ). However, the annual probabilities of polyp-to-MCRC progression for the new case are lower than those for the base case because, in the new case, 5% of the patients will have more risk of developing MCRC than those in the base case. Therefore, a lower polyp-to-MCRC progression probability in this case is sufficient to enforce our simulation model to produce the same 5-year MCRC incidence and mortality results with the base case.
Simulation results for the Sensitivity Analysis
DISCUSSION
In this study, we estimated 6 unknown parameters of the natural history of MCRC using a computer simulation model and clinical data from a welldefined patient cohort at a single institution. We derived adenomatous polyp onset probabilities directly from clinical data, whereas the remaining unknown parameters were estimated via calibration. We also derived several important statistics from our data, such as metachronous polyp and MCRC incidence. These unknown parameters and statistics based on clinical data may help clinicians to better understand the natural history of MCRC and aid clinical researchers to build clinical decision models for MCRC and CRC surveillance.
Our findings are varied and novel. First, we find that MCRC may be more common than has The square errors are the square differences of rates from clinical data ( Table 1 ) and simulation output ( Table 2) . CI, confidence interval; MCRC, metachronous colorectal cancer. 6 and that approximately 50% of MCRC cases occur within the first 5.5 years after diagnosis of the primary CRC. 8 Thus, our finding of a 5-year MCRC incidence of 7.4% implies a higher lifetime MCRC risk in our patient cohort relative to the range of risk reported in the literature. Second, the 5-year adenomatous polyp incidence in our patient cohort, 39%, was relatively high compared with the reported range of long-run metachronous adenomatous polyp incidence of 30% to 50%. [33] [34] [35] Note that there have been occasional reports of such high MCRC and metachronous adenomatous polyp incidence. 36 We also find that MCRC risk is higher in patients with CRC history than CRC risk in the general population. 4 We concluded this because the MCRC incidence in our patient cohort (7.4%) was higher than the lifetime CRC risk (5.2%) based on 2003-2005 SEER data. 5 Because MCRC incidence in our patient cohort was higher than CRC incidence in the US population, the calibrated unknown parameters of the natural history of MCRC were higher than corresponding estimated parameters for CRC in the literature. [21] [22] [23] The relatively high metachronous adenomatous polyp and MCRC incidence in our study may have been due to the composition of our patient cohort, which consisted of more men than women. On the other hand, the contribution of the gender distribution to a higher adenomatous polyp and MCRC incidence may not have been significant because men are slightly more prone to have CRC, 5 and such gender differences were present in most patient cohorts in the literature. 9, 17, 36, 37 In addition, our patient cohort had a higher 5-year survival (87.3%) than the patients in the SEER data (64.4%), 5 which may have been because our cohort had better access to highquality health care from the MCR. Our patients were therefore more likely to survive until they developed colorectal lesions than patients in the SEER data.
Moreover, the 5-year survival rates among patients who received CRC treatment before 2000 and in or after 2000 were 83% and 92% in our patient cohort, respectively. This result implies that CRC survival increases in time as suggested in the literature. 26 Therefore, planning surveillance protocols of CRC patients to prevent MCRC may become more important for the long-term well-being of the patients in the future.
We also find that gender and age have an impact on MCRC progression. Although we did not find a significant difference in adenomatous polyp incidence between women and men in our cohort (P = 0.15), 5-year MCRC incidence was higher in women (P = 0.05). This observation may indicate that MCRC progression was more aggressive in women because although women had at most as many adenomatous polyps as men had, they had higher MCRC incidence. Thus, adenomatous polyps seem to have progressed to MCRC at a higher rate among women. Note that the estimated polyp-to-MCRC progression probabilities were higher in women than men due to higher MCRC incidence in women. Although most existing studies have reported no gender difference in MCRC incidence, 8 few studies have reported higher recurrent CRC incidence in women after their primary CRC treatment. 37 Moreover, MCRC mortality probabilities produced by our simulation model were higher in women. Although this result may appear to be counterintuitive given that US life expectancy for women is higher than it is for men, our patient cohort differs from the general population because patients in our cohort received CRC treatment. In addition, some studies report lower survival in women both after CRC and bladder cancer treatments, 38, 39 and several studies report that women are more prone to have advanced-stage CRC than men, which may reduce posttreatment survival for women. 40, 41 Although MCRC mortality was higher in women, other-cause mortality rate, which was the difference between allcause and CRC-related mortality rate, was similar for men and women (Table 1 ). This shows that the gender-based differences in all-cause mortality ( Table 1) in our patient cohort are primarily due to CRC-related causes.
Both rates of all-cause and CRC-related mortality were higher for older patients in our cohort (P < 0.001 and P = 0.01). Thus, we conclude that age affects MCRC progression. Similarly, the estimated probabilities of mortality after MCRC and M-MCRC treatment and mortality due to undetected MCRC were generally higher in older patients (Table 4 ). This may have been due to at least 2 reasons: 1) younger patients may have been more able to successfully complete treatment without any dose reduction, and 2) aggressive treatments, such as chemotherapy, may not have been used in older patients. Although age was not significantly associated with adenomatous polyp and MCRC incidence (P = 0.32 and P = 0.20, respectively), we observed certain agebased patterns in the polyp-to-MCRC progression probabilities. For example, polyp-to-MCRC progression probability was lowest in 60-to 69-year-old patients ( Table 4) .
Another important finding is that the estimated undetected MCRC rate, defined as the difference between MCRC risk and MCRC incidence, was higher in women (around 0.9% vs. 0.5%). This implies that undetected MCRC cases may have been more common among women. This may have been due to 2 reasons: 1) women in our patient cohort had a higher MCRC incidence than men, and 2) the proportion of men with detected adenomatous polyps was higher than that of women (42% vs. 33% in our patient cohort). Because physicians at the Mayo Clinic recommend increasing the frequency of colonoscopy sessions after a positive colonoscopy finding, 2 men on average received more colonoscopy exams than women. Thus, there were likely to have been fewer missed MCRC cases among men. Indeed, it has been previously reported that women had higher new or missed CRC incidence after colonoscopy screenings because they were less likely to be screened 3 years before the diagnosis of missed or new CRC. 42 Our study has several limitations. First, we had a small sample size, which may have caused sampling error in the estimation of unknown parameters such as the mortality probabilities for 50-to 59-year-old patients. However, we minimized other sources of sampling errors by collecting our data from a reliable single-institution data set through a careful and detailed data abstraction. Having a small sample size also prevented us from cross-validating our model using our clinical data. The cross-validation of our model's results to the published results also was not possible because of the lack of appropriate data for comparison. In addition, having a small sample size limited us to consider only a single type of adenomatous polyp and MCRC lesion in our model. Existing simulation models on CRC categorize adenomatous polyps based on size (small and large) and location (right colon, left colon, etc.) as well as considering cancer lesions in different stages (local and regional). 19, 22 Although categorizing adenomatous polyps and cancer lesions into subgroups is a more desirable approach, our patient cohort was not large enough to estimate the lesion progression probabilities based on different polyp and cancer lesion types. Furthermore, we restricted the surveillance period to 5 years because of the limited sample size. However, we conclude that this was reasonable because it has been reported that about half of all MCRC cases occur within the first 5.5 years after the CRC diagnosis. 8 Second, our patient cohort largely consisted of whites, who are less likely than African Americans yet more likely than Asians to develop CRC. 43 Finally, we assumed that the compliance to CRC surveillance was 100% in our patient cohort, which is not an uncommon assumption in the literature. 30 To partially justify this assumption, we ensured that our cohort included only local patients who were very likely to comply with their colonoscopy surveillance schedules.
We present a natural history computer simulation model that mimics the progression of MCRC under the surveillance protocol suggested by the AGA. We describe how clinical data can be used to feed such a computer simulation model and refine it to estimate previously unknown parameters of the natural history of MCRC by calibrating some parameters of the model. Our results imply that MCRC may be more common relative to how it has been reported in the clinical literature. Our results also indicate that gender and age may affect certain characteristics of MCRC progression. Future opportunities with this model include a cost-effectiveness analysis for the evaluation of different colonoscopy surveillance schedules for patients with a prior history of CRC.
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